Magnetic navigation system for the precise helical and translational motions of a microrobot in human blood vessels J. Appl. Phys. 111, 07E702 (2012) Robotic reconnaissance platform. I. Spectroscopic instruments with rangefinders Rev. Sci. Instrum. 82, 113107 (2011) Actuation of a robotic fish caudal fin for low reaction torque Rev. Sci. Instrum. 82, 075114 (2011) Precise manipulation of a microrobot in the pulsatile flow of human blood vessels using magnetic navigation system J. Appl. Phys. 109, 07B316 (2011) A tuning fork based wide range mechanical characterization tool with nanorobotic manipulators inside a scanning electron microscope Rev. Sci. Instrum. 82, 035116 (2011) Additional information on Rev. Sci. Instrum. This paper presents a novel decoupled two degrees of freedom (2-DOF) translational parallel micropositioning stage. The stage consists of a monolithic compliant mechanism driven by two piezoelectric actuators. The end-effector of the stage is connected to the base by four independent kinematic limbs. Two types of compound flexure module are serially connected to provide 2-DOF for each limb. The compound flexure modules and mirror symmetric distribution of the four limbs significantly reduce the input and output cross couplings and the parasitic motions. Based on the stiffness matrix method, static and dynamic models are constructed and optimal design is performed under certain constraints. The finite element analysis results are then given to validate the design model and a prototype of the XY stage is fabricated for performance tests. Open-loop tests show that maximum static and dynamic cross couplings between the two linear motions are below 0.5% and -45 dB, which are low enough to utilize the single-input-single-out control strategies. Finally, according to the identified dynamic model, an inversion-based feedforward controller in conjunction with a proportionalintegral-derivative controller is applied to compensate for the nonlinearities and uncertainties. The experimental results show that good positioning and tracking performances are achieved, which verifies the effectiveness of the proposed mechanism and controller design. The resonant frequencies of the loaded stage at 2 kg and 5 kg are 105 Hz and 68 Hz, respectively. Therefore, the performance of the stage is reasonably good in term of a 200 N load capacity.
I. INTRODUCTION
Recently, the important role of micro-/nano-positioning technology in hi-tech applications has emerged, including microelectromechanical system, scanning probe microscopy, ultra-precision machining, optical components manufacturing, and biomedical engineering. Many successful micropositioning stages have been reported. [1] [2] [3] [4] [5] For example, a XYZ scanning stage is used in an atomic force microscope to produce topographic image of specimens with subnanometer resolution. 1 A micro-positioning XYθ table is used in a submicron lithography system. 2 For micro-/nano-positioning, flexure hinges are often employed to replace conventional joints due to their advantages of no friction, no backlash, no wear, and compact structure. Besides, compared with the other types of actuators, the piezoelectric actuator (PZT) has ultra-high resolution, fast response, high stiffness, and high push force. For the two reasons, PZT-actuated flexure-based stages are widely adopted for micro-/nano-positioning. 1, 2, 6 Flexure-based 2-DOF translational micro-positioning stages can be classified into serial and parallel structures. 7, 8 The characteristic of the serial structure is that one 1-DOF positioning stage is vertically mounted on the other 1-DOF stage. 1, 9 Although this kind of platform is often commercially used and easy to be manufactured, the serial mechanism has many shortcomings such as cumulative errors, parasitic movements, decreased natural frequencies, different dynamic a) Electronic mail: zhulm@sjtu.edu.cn. characteristics along the two directions, large cross couplings, and bulkiness. Compared with the serial mechanism, the parallel mechanism is increasingly adopted in 2-DOF micropositioning stages due to its advantages of high load capacity, low inertia, high stiffness, balance, and compactness. 10 A parallel-kinematic micro-positioning XY stage is designed by using parallelogram four-bar linkages. 6 It has a large work space, high bandwidth, and good linearity. A 2-DOF compliant parallel micromanipulator utilizing flexure joints is proposed for two-dimensional nanomanipulation. 11 A compliant mechanism consisting of quad-symmetric simple parallel linear springs and quad-symmetric double compound linear springs is proposed for two axes ultra-precision linear motion. 7 A linear parallel compliant XY-stage based on 4-PP flexure joint mechanism is proposed for ultra-precision motion. 12 Some other XY stages with parallel structure are also reported. 13, 14 However, most of the stages mentioned above have the cross couplings between the X and Y axes. Cross couplings refer to any motions along the Y direction in response to an actuation along the X direction, and vice versa. The decoupled function, which means that one actuator produces only one axial output motion of the end-effector, is an important performance requirement of a parallel kinematic XY flexure mechanism. 8 If the 2-DOF are coupled, an additional calibration step is necessary to determine the transformation matrix between the actuator coordinates and the motion stage coordinates. Another important challenge in parallel mechanism design is input decoupling, also known as actuator isolation. An actuator isolation 8 means that the PZT has to be connected to the point of actuation with little transverse motion in response to any other actuators in the system because the PZT cannot suffer from the transverse load and displacement. To overcome these problems, a constraint-based decoupled parallel kinematic XY flexure mechanism is first proposed. 8 Based on this conceptual design, a novel flexure-based XY parallel micromanipulator with both input and output decoupling and displacement amplifiers is then proposed. 10 The presented XY stage possesses a mirror-symmetric structure to improve the accuracy performance, and all the prismatic joints are implemented with double compound parallelogram flexures to possess the fully decoupled output motions without crosstalk between the two axes in theory.
This paper presents a novel decoupled parallel micropositioning stage for 2-DOF translational ultra-precision positioning and tracking. Two types of distributed-compliance compound flexure modules as ideal prismatic joints and a mirror symmetric structure are employed to reduce the input and output couplings, and the parasitic motions. Different from the commonly used flexure modules, 7, 8, 11, 15 a novel compound flexure module that can produce both large workspace and small maximum stress is developed in this paper. High stiffness ratio between the transverse and working directions of the flexure module guarantees both the objectives of large workspace and actuator isolation. Besides, an additional decoupler plus the actuator isolation provide double protection to the PZT. Compared with the aforementioned work, 8 this designed stage in this paper is much simpler. It is ease of manufacturing from the economical point of view. Instead of using the lumped-compliance mechanisms, 10 the distributedcompliance module is utilized in the developed stage. It is more likely to have higher structure stiffness and bandwidth in the two translational motions.
14 The higher structure stiffness in loading directions also increase the load capacity of the stage. The design results well meet all the performance objectives of XY mechanisms. 8 The remainder of the paper is organized as follows. The conceptual design and working principle of the stage are presented in Sec. II. The stiffness matrix model of the stage using the stiffness matrix method is described in Sec. III. The optimal design and the finite element analysis (FEA) validation are performed in Sec. IV. The experimental setup and tests are conducted in Sec. V. Afterward, Sec. VI presents the controller design precess, and the experiments are conducted to demonstrate the performances of the stage and the effectiveness of the controller. Finally, Sec. VII concludes the paper.
II. STRUCTURAL CONCEPT OF THE STAGE
An XY flexure stage has two translational motions along X and Y axes. Five possible candidates for 2-DOF translational mechanism can be found in the literature, 1, 6, 10, 11 as shown in Fig. 1 . If the prismatic joint is used, a micropositioning stage with serial architecture (see Fig. 1(a) ) is produced simply by adding two 1-DOF stages together, one carried by the other, and each of them is driven by a PZT. However, this architecture does not belong to the family of parallel mechanism and has many shortcomings mentioned in Sec. I. Architecture (b) and (d) show two kinds of parallel structures which have PP R limbs and P R P R limbs, respectively. Here P and P R denote prismatic and parallelogram joints, respectively. Although the P R joints can always ensure translational movement of the end-effector and retain a fixed orientation with respect to the base whatsoever the motions of PZT may be, the coupled displacement of the P R joints in architecture (b) and (d) can produce the undesired output cross coupling between two axes. The inverse and forward kinematics models are very complicated, and the cross coupling may also lead to undesired internal resonances. The architecture (e) which has two RPR limbs and a P R P R limb can also generate 2-DOF translational motions in theory, however the cross coupling between the two linear motions still exists in this mechanism, and the configuration is too complex. Comparing with the configurations enumerated above, architecture (c) would be an ideal candidate for a decoupled 2-DOF translational micro-positioning stage. It is totally decoupled as long as 2-PP limbs are used. To find two kinds of ideal prismatic joints is crucial in design of this kind decoupled stage.
Based on the above idea, two kinds of P joints are developed, and the conceptual design of the 2-DOF parallel micropositioning stage consisting of two PZTs and a monolithic compliant mechanism is illustrated in Fig. 2 . The compliant mechanism contains two independent kinematic limbs that connect the end-effector to the fixed base. Each of the limbs has two serially connected DOFs which are provided by two P joints, respectively. The two PP limbs with orthogonal architecture are independently actuated by two PZTs. Two types of compound flexure module, which are shown in Fig. 3 , are employed as two P joints and combined to be a PP limb. Flexure Fig. 4(a) . The symmetrical distribution of the four limbs also provides restriction against any unwanted DOFs of the end-effector. The working principle of the stage is shown in Fig. 4(b) .
To show the advantages of the proposed stage, flexure module A and some commonly used flexure modules are used for comparison, as shown in Figs. 3 ing moments caused by F T are ignored, the displacements of the four modules have the following relationships:
where δ W and δ T denote the displacements along the working and transverse directions, respectively. Module A can export the largest displacement, and has a relatively simple shape for the ease of manufacture. Moreover, when the four modules output the same displacement, module A produces the lowest maximum stress at the end of each flexure hinge, the same as compound double parallelogram flexure module (CDPFM).
As for the stiffness ratio between the stiffness along the transverse and working directions, module A exhibits the same performance as the other modules. Module A has a large transverse stiffness because it is flexible along the working direction and is rigid along the transverse direction. Therefore, it can act as an effective decoupler for its little transverse displacement. Moreover, an decoupler mechanism connecting the PZT and the intermediate stage is used to further avoid damage of the PZT, as shown in Fig. 4 (a). The decoupler can transmit the axial force without any loss in motion and absorb any transverse motion without generating transverse loads. Furthermore, the module A and B both adopt the distributedcompliance modules to obtain higher structure stiffness and suppress the vibrations of the the secondary stage. Due to the use of the compound flexure modules and the mirror symmetric structure, the stage is kinematically decoupled to the maximum extent. The symmetric structure also reduces the parasitic movement; increases the structural stiffness, carrying capacity, and natural frequencies; and exhibits the same static and dynamic performances along the X and Y directions.
III. MODELING THE STAGE USING THE STIFFNESS MATRIX METHOD
For a flexure mechanism, the establishment of the stiffness matrix model is the basic of the static and dynamic analysis. As shown in Fig. 4(b) , the total number of rigid bodies in this compliant mechanism is n = 15. Denote the 6-DOFs for ith rigid body by
Assuming that the mass of the flexures and the elastic deformation of rigid bodies are ignored, all the 6n degrees of freedom of the rigid bodies induced in the system are selected as the generalized coordinates of the system. The displacement vector has the form
According to the Lagrange's equation, the dynamic differential equation of the system can be represented as
where the system mass matrix M is
the stiffness matrix K is
and the external force vector Q is
The ith element of the mass matrix M in Eq. (5) has the form
where (M xi M yi M zi ) denotes the mass of the ith rigid body. J xi , J yi , and J zi are the x, y, and z directional mass inertia moment of the ith rigid body, respectively. The ith element of the force vector Q in Eq. (7) is
If only free vibration is considered, Q i is set to be 0. A static force-displacement relationship is obtained from Eq. (4) by imposing the acceleration vectorq to be zero. When a force vector Q is applied, the output displacement vector is
For a general multi-DOF spring-mass system, several methods such as force analysis method, observation method, stiffness and compliance method, and Lagrange equation method are proposed to obtain the stiffness matrix. In this work, the observation method 16 is applied. It is based on the fact that the diagonal element k ii of the stiffness matrix is the sum of the stiffness of the elastic elements connecting with the ith rigid body, and the non-diagonal element is −k ij , where k ij is the sum of the stiffness of elastic elements connecting with both the ith and the jth rigid bodies.
Assume that there are n i flexures connecting with the ith rigid body. As shown in Fig. 6 , transforming the displacement
T of the ith rigid body from O i − XYZ to O ij − XYZ yields
where 
and the matrix C(
where [r x , r y , r z ] T represents the vector r(
As illustrated in Fig. 7 , the 6 × 6 compliance and stiffness matrices of a single straight flexure hinge in its local coordi- nate system are described as
where E is the elastic modulus, and G is the shear modulus of the material. The stiffness matrix of the flexure hinge is the inverse of the compliance matrix.
Assuming that the stiffness of the flexure represented in O ji − XYZ is K ji , the force screw applied to point O ij is
When a force vector
If f ij is the force component of F ij , the equivalent force screw F i applied to O i can be represented as
Thus, the diagonal sub-matrixK ii has the form
Assume that there are n ij flexures connecting with both the ith and jth rigid bodies. As shown in Fig. 8 , transforming the displacement screw of the jth rigid body
where
(25) The force screw applied to point O jik is where
Hence, the non-diagonal sub-matrixK i j has the form
Considering the first rigid body, there are four parallel flexures connecting to it, as shown in Fig. 9 . The diagonal matrix elementK 11 , which is the sum of the stiffness of the four hinges with respect to O 1 − XYZ, can be derived as
All the sub-matrices of the matrix K can be obtained from Eqs. (23) and (28). The stage has the same structure in the four limbs; thus, the sub-matrices in the other three limbs can be obtained directly by coordinate transformation. For instance, after coordinate transformation, the diagonal sub-matrices of the 5th, 9th, and 12th rigid bodies illustrated in Fig. 4(b) are obtained as follows:
Based on the vibrations theory, the generalized eigenvalues of M with respect to K can be obtained by solving the following characteristic equation
and the natural frequencies of the dynamic system described by Eq. (4) are 
IV. OPTIMAL DESIGN AND FEA VALIDATION

A. Optimal design
Optimal design based on the stiffness matrix model described above is performed to obtain the best performance under the design specifications and certain constraints, e.g., the maximum stress should be less than the allowable stress, the workspace should be large enough. Table I illustrates the design specifications of the stage. The objective function of the optimization is the translational natural frequency f of the stage. The variables to be optimized are the dimensional parameters l, b, and t of a single flexure hinge, as shown in Fig. 7 . The constraints are described as follows:
(1) Maximum stress: The maximum stress generated at the root of flexure should be lower than the allowable stress. The constraint can be expressed as
where M is the maximum bending moment, W = is the bending section modulus, K is the stress concentration factor, δ max is the maximum displacement of the flexure, E is the Young's modulus of the material, σ Y is the yield stress of the material, and n is the safety factor chosen as 2.5. To reduce the stress concentrations at the root of the flexure, the flexure is designed to be cornerfilleted. After finite element analysis over a wide range over different corner radius of the flexures, the stress concentration factor is conservatively specified as 2 corresponded with the zero corner radius. 
where K p is the stiffness of the PZT, K s is the translational stiffness of the stage, and F pre is the preload force which is not considered in the design process of the stage. The optimization is implemented by the "fmincon" function in MATLAB, and the optimal solutions are l = 12 mm, b = 20 mm and t = 0.8 mm. Moreover, because the width of the wire cutting path is 1 mm, the corner radius of the flexures is specified as 0.5 mm to reduce the stress concentrations. The detailed dimensional information of the stage are shown in Fig. 10 , where all the hinges and limbs are designed with the same dimensions.
Based on the designed parameters of the stage, the motions of the end-effector (the 15th rigid body) are calculated using Eq. (10) when two forces F x and F y are vertically applied to the 2nd and 6th rigid bodies. Figure 11(a) shows the calculated displacement of the end-effector along X direction. It is seen that the X directional displacement is independent of the force F y applied. Figure 11(b) shows the calculated parasitic rotations of the end-effector. It is seen that the rotational parasitic motion does not occur when two equal forces are applied, and increases as the difference between the two directional forces becomes large. However, the rotational parasitic motion is small enough to be ignored. By simplifying the Eq. (10), the planar motions of the end-effector and the two applied forces F x and F y have the following relationship:
It is seen that the motions of the stage are decoupled and the parasitic motion is very small. Considering the load capacity of the stage, when output load vector Q 15 is applied to the end-effector, the motions of the end-effector can be calculated by
The non-diagonal elements of the matrixK 1515 is much smaller than its diagonal elements. Therefore, the matrix K 1515 can be considered as a diagonal matrix, and all the 6-DOFs of the end-effector are decoupled when the external load is applied. The six-axis stiffness of the end-effector derived from the diagonal elements of theK 1515 are listed in Table II .
B. FEA validation
In order to verify the optimal design, the finite element analysis (FEA) with ANSYS software is employed to estimate the static and dynamic performances of the structure. The three-dimensional (3D) model is generated by Solidworks and subsequently imported to ANSYS in parasolid format. The 3D tetrahedron element SOLID 92 is used to mesh this model. When the designed maximum driving force F max is applied to the stage and the applied load is zero, the static von-mises stress and deformation are shown in Fig. 12(a) . The Table III . The two results agree well. A more specific comparison shows that the resonance vibrations of the secondary stages in the four limbs which are the major sources of the lowest frequency vibrations of the aforementioned mechanism 10 are effectively suppressed due to the use of the distributed-compliance modules. The FEA results also show that the resonant frequencies of the stage at 2 kg and 5 kg load are 128 Hz and 82 Hz, respectively.
V. EXPERIMENTAL SETUP AND TESTS
A. Experimental setup
In this section, an experimental platform as shown in amplifier (E-503.00 from PI). Two capacitive displacement sensors (D-100.00 from PI) are used to measure the displacements along the X and Y directions of the stage. The analog voltage outputs of the two sensors are connected to a two-channel position servo-control module (E-509 from PI). The data acquisition card (NI-6221 from NI) equipped with 16-bit A/D and D/A converters is used to acquire the voltage of the capacitive sensors (0-10 V) and to apply the control voltage (0-10 V) to the PZT amplifier. A real-time digital control system with the hardware in the loop technique is built to perform the semi-physical simulation based on the xPC target. The real time workshop (RTW) toolbox in MATLAB on the host PC generates real time application codes using Simulink models. 18 The block diagram of the whole system is illustrated in Fig. 15 .
B. Static and dynamic test
Several experiments are executed to obtain the static and dynamic performances of the stage. In this paper, all the experiments are conducted when there is no external load applied to the stage. According to the experimental tests, the stage has a workspace of 40 μm × 40 μm which corresponds well with the designed objective and the FEA results. The test of the static cross couplings of the two axes is also performed and the results are shown in Fig. 16 . It is seen that the maximum cross couplings between the two axes in open-loop are less than 0.5%, which are small enough to be ignored.
To test the natural frequency of the micro-positioning stage, an impulse force is exerted on the input point of the stage by a modal hammer when the PZTs are not mounted on the stage. The time response in direction X is shown in Fig. 17 . The unloaded vibration frequency is about 340 Hz, which shows an error of 18% relative to the FEA result. The error may be caused by the mass of the two capacitive sensors and their mounting bracket, manufacturing tolerances, and machining imperfections. By the same testing method, the experimental results show that the resonant frequencies of the loaded system at 2 kg and 5 kg are 105 Hz and 68 Hz, respectively. In summary, the loaded resonant frequencies obtained by the stiffness matrix model, the FEA and the tests are listed in Table IV .
To obtain the dynamic characteristic of the whole system, the open-loop step response of the system is analyzed in the time domain. The square wave excitation signals (50 V) are used to drive the PZTs in the X and Y directions, denoted by V x and V y (in volts), respectively. The displacement outputs along the X and Y directions of the stage are denoted by D x and D y (in μm), respectively. System identification toolbox (ident) of MATLAB are used to identify the system models, which are described as Figure 18 plots the frequency responses of the identified models G xx , G yx , G yy , and G xy . The magnitude of the crosscoupling terms G yx and G xy are about −50 dB and −45 dB less than that of G xx and G yy , respectively. It is reasonable to utilize single-input-single-out (SISO) control strategies for positioning and tracking control.
VI. CONTROLLER DESIGN AND EXPERIMENTAL RESULTS
A. Controller design
Although the PZT is widely adopted as an actuator in the micro-positioning stage for its excellent features, the performance of the PZT-actuated stage is severely limited by the hysteresis and creep behaviors of the PZT and plant uncertainties of the developed model. 19 In this section, we shall propose a feedback control strategy with an inversion-based feedforward controller.
Based on the developed dynamic model of the stage, an inversion-based control approach is introduced to generate feedforward inputs. For a desired trajectory P d (·), the feedforward input V ff (·) can be derived by inverting the stage's dynamics G xx and G yy as follows input can be computed as
where φ = G xx (iω). The dc-gain G xx (0) is the ratio of the displacement and voltage for the stage in the static condition. For the periodic triangle trajectory, , and A is the amplitude of triangular wave. Thus, the feedforward input is
Moreover, the traditional proportional-integral-derivative (PID) feedback controller is adopted to compensate for the nonlinearities and uncertainties. 21 The PID controller in the continuous time domain can be described as
where For the convenience of a real-time digital control in the xPC target, the discrete form of the PID controller Eq. (43) is implemented in this work. Therefore, the overall control input is derived in a discrete-time form
where k is the index of the time series and T s is the sampling time interval (50 μs in this work). Besides, all the computations of u ff (kT s ) in the feedforward controller are performed off-line so as to minimize the execute time to compute the control voltage within a sampling interval. The SISO control block diagram for the XY stage is illustrated in Fig. 19 .
B. Experimental results
Positioning performance test
To obtain the positioning resolution of the XY stage, an experiment with a staircase input signal with 3 nm height is performed using the PID feedback controller. The PID gains K p , K i , and K d are tuned by trial and error method during the experiments to generate the best control results. In the staircase responses, as shown in Fig. 20 , an accuracy of 3 nm is attained. The 5 μm step response with PID controller for the stage in X direction is also shown in Fig. 21 . The experimental show that the system clearly has fast response (the time constant is less than 15 ms), high resolution, and the low overshoot.
To evaluate the positioning accuracy of the stage, a multidimensional two-beam laser interferometer (SP-120D from SIOS) is employed to measure the six-DOF displacements of the end-effector, as shown in Fig. 22 . First, the displacements of 15 measurement positions along X axis for 30 μm with 2 μm steps are measured by laser interferometer back and forth 20 times to determine the linear motion accuracy of the stage. The test results are summarized in Fig. 23 . It is seen that the stage has the repeatability of ±19 nm and the maximum deviation of 50 nm for the travel range of 30 μm. Secondly, when only the X axis is driven, the displacements in the Y, yaw and pitch directions are measured and the results are depicted in Fig. 24 . It is seen that for the 30 μm travel range the maximum cross coupling between the two linear motion axes in close-loop is only about 1.5%, and the maximum rotational displacements in the yaw and pitch directions are only about 4.8 μrad and 8.4 μrad, respectively. According to the experiments results, the performance specifications and main parameters of the stage are shown in Table V .
Tracking performance test
The tracking performances of the XY stage are evaluated as well. The sinusoidal motion tracking results of the 5 μm peak-to-peak amplitude sine-wave signals at the input frequencies of 1 Hz and 10 Hz are described in Fig. 25 . In Table VI , the tracking performance of different controllers is summarized with respect to the maximum tracking error (MTE) and the root-mean-square tracking error (RMSTE). 21 Compared with the standalone feedback control approach, the feedback plus feedforward control approach reduces the MTE and RMSTE by above 70% when the input frequency is 10 Hz. Tracking accuracy is greatly improved by the developed controller.
The experimental results of circular contouring with a radius of 10 μm at four different speeds ranging from 60-500 μm/s are also shown in Fig. 26 . No significant distortion of circular motion is shown at high speed. Moreover, the MTE and RMSTE of the circular contouring results are illustrated in the Fig. 27 , and they do not increase significantly as the speed increases. The experimental results show that the excellent tracking performance of the stage are achieved by the proposed stage and controller, and the cross coupling between the two linear motions is very small even in the high speed tracking. 
VII. CONCLUSION
In this paper, a decoupled parallel micro-positioning stage is proposed to realize the 2-DOF ultraprecision translational movement. Two types of compound parallel flexure modules and a mirror symmetric structure are utilized to reduce the input and output couplings, and the parasitic motions. The distributed-compliance modules are used to increase the stiffness and bandwidth of the stage. An additional decoupler along with the actuator isolation provides double protection to the PZT. This kind of structure has the advantages of low thermal and manufacturing sensitivity, high structure stiffness, high carrying capacity, and high natural frequency. The stiffness matrix approach is used to model the statics and dynamics of the compliant mechanism, which is validated by FEA via ANSYS. After dimensional optimization, a prototype stage is fabricated by wire cutting. Both the theoretic analysis and experimental tests show good decoupling performance of the stage. Based on the identified dynamic model, an inversion-based feedforward controller in conjunction with a PID controller is applied to compensate for the nonlinearities and uncertainties. The experimental results show that excellent positioning and tracking performances are achieved, which verifies the effectiveness of the proposed mechanism and controller design. It is worth mentioning that the tested resonant frequencies of the stage at 2 kg and 5 kg load are 105 Hz and 68 Hz respectively, which show very good load capacity of the developed stage. The load capacity can be improved by increasing the minimum thickness (t), thickness (b), and decreasing the length (l) of the flexure. Besides, the layout of stage can be more compact to increase the load capacity.
